Abstract. Acquiring near infrared spectra in vivo usually requires a fiber-optic probe to be pressed against the tissue. The applied pressure can significantly affect the optical properties of the underlying tissue, and thereby the acquired spectra. The existing studies consider these effects to be distortions. In contrast, we hypothesize that the pressureinduced spectral response is site-and tissue-specific, providing additional information for the tissue classification. For the purpose of this study, a custom system was designed for dynamic pressure control and rapid acquisition of spectra. The pressure-induced spectral response was studied at three proximate skin sites of the human hand. The diffuse reflectance and scattering were found to decrease with the applied contact pressure. In contrast, the concentrations of chromophores, and consequently the absorption, increased with the applied contact pressure. The pressure-induced changes in the tissue optical properties were found to be site-specific and were modeled as a polynomial function of the applied contact pressure. A quadratic discriminant analysis classification of the tissue spectra acquired at the three proximate skin sites, based on the proposed pressure-induced spectral response model, resulted in a high (90%) average classification sensitivity and specificity, clearly supporting the working hypothesis.
Introduction
Near infrared spectroscopy (NIRS) is a rapid, noninvasive spectroscopic technique that has considerable medical diagnostic potential. 1 The numerous biomedical applications of NIRS include performing optical biopsies, detecting breast 2 and skin 3 cancer, making cancer treatment decisions, and defining therapeutic drug levels. 1 Most of these applications utilize the unique ability of NIRS to quantify the tissue chromophores, in particular hemoglobin, lipids, and water, which can be used to differentiate between normal and diseased tissue. 1 However, acquiring NIR spectra in vivo usually requires a fiber-optic probe to be pressed against the tissue. In general, even light pressure can significantly affect the optical properties of the underlying tissue, and thereby the acquired NIR spectra.
One of the first studies on the optical properties of the soft tissue under pressure focused on the reflectance, reduced scattering, and absorption coefficient in the spectral range from 400 to 1800 nm. 4 The soft tissue samples, including human skin, bovine aorta, and bovine and porcine sclera, were exposed to constant contact pressures of 9.8, 98, and 196 kPa. The measured reflectance changes in the NIR region were not always consistent; however, under 1400 nm, reflectance decreased with the applied pressure. In contrast, the reduced scattering and absorption coefficient were reported to increase with the applied pressure. The increase in absorption was explained by the local tissue compression, which increased the chromophore concentration; leakage of some extracellular tissue fluids; and the volumetric water content. Likewise, the increase in scattering was explained by the pressure-induced increase in the scatterer concentration.
The study of Chen et al. 5 confirmed that diffuse reflectance of the palm skin in the spectral range from 1100 to 1700 nm decreases with the applied pressure. The spectra were acquired continuously for 60 s after applying a contact pressure from 32 to 75 kPa. The diffuse reflectance spectra exhibited significant changes during the first 30 s of measurements and became stable afterward. Reflectance changes were attributed to the distortion of the internal tissue structure and chromophore distribution. Human skin of the inner forearm was investigated by Atencio et al. 6 The spectra were acquired in the spectral range from 530 to 680 nm by applying contact pressure from 0 to 10 kPa. The results were inconsistent under 600 nm, while above 600 nm, the diffuse reflectance decreased with the applied pressure. However, the results were not in agreement with the research of Randeberg, 7 where the diffuse reflectance increased with the applied pressure.
Another study reported that the changes in the soft tissue optical properties under the applied pressure are site-specific. 8 Human skin was investigated by reflectance spectroscopy in the visible spectral range. The reflectance of the neck skin decreased with the applied pressure, indicating decrease in the scattering. In contrast, the applied pressure increased the scattering of the forehead skin. The different scattering changes were explained by the fact that skull lies close to the skin surface, preventing the dermis from collapsing into the hypodermis, which results in more light reaching the dermis layers, rich in highly scattering collagen. The absorption coefficient decreased with increasing pressure for all measurement sites. The decrease was attributed to the blood being pushed out by the applied pressure, lower perfusion, and modified tissue morphology. It was concluded that short-term (<2 s), low-contact pressure (<9 kPa) effects do not significantly affect the acquired spectra.
The existing studies used simple measurement setups during the acquisition of spectra, which exposed the sample to a constant pressure for an extended period of time. Moreover, the effects of contact pressure on the soft tissue spectra were primarily considered to be a distortion that needs to be analyzed and removed to obtain repeatable and accurate measurements. In contrast, the objective of this study was to analyze the contact pressure-induced spectral response and use the information for tissue classification. Namely, pressure-induced spectral response is tissue-and site-specific, presenting an additional useful dimension in the acquired data (Fig. 1) . For the purpose of this study, a custom real-time system for rapid in vivo acquisition of NIR diffuse reflectance spectra of tissue under controlled contact pressure was developed. Such a measurement system enabled the study of the contact pressure-induced dynamic effects in the soft tissue. As a result, a novel model of the pressure-induced soft tissue spectral response was developed and successfully employed for the classification of three proximate skin sites on the human hand.
Materials and Methods

Samples
Measurements were conducted on the skin surface of four human volunteers (Caucasian males). Three measurement sites were chosen: namely, the palm skin above the abductor pollicis brevis muscle, skin in the middle of the wrist crease above the veins, and skin at the lateral part of the wrist above the ulnar styloid process. While the soft muscle tissue and the tissue above veins provided relatively smooth and gradually increasing resistance to the applied pressure, the tissue above the bone exhibited only limited compression. In addition, the soft tissues at the three selected sites are differently perfused and were expected to provide relevant insight into the unique tissue properties observed in the contact pressure-induced spectral response.
Instrumentation
The measurement system used in this study is shown in Fig. 2 . Spectra were acquired by a commercial NIR spectrometer (NIR-512L-1.7T1, 901 to 1685 nm, Control Development Inc., South Bend, Indiana) employing a broadband halogen light source (AvaLight-Hal LS, Avantes, Apeldoornseweg, the Netherlands) and a stainless steel, fiber-optic diffuse reflectance probe (Avantes, FCR-7IR400-2-ME) consisting of one detection and six illumination fibers. The diameter of the probe was 6.35 mm, so the contact pressure area was 31.7 mm 2 . The probe was fixed to a metal tube, which smoothly slid through the metal rings. A force sensor (Honeywell S&C, FS01, Honeywell, Inc., Morristown, New Jersey) was attached between the end of the metal tube and the linear position sensor (9615R5.1KL2.0, 52.3 MM, Bei Sensors, Goleta, California). The travel length of the shaft spring return mechanism was 4 cm. A motorized linear stage provided precise and accurate control of the applied contact pressure.
Measurements
The hands of the four volunteers were fixed during the measurement process, which started by activating the motorized linear stage with a predefined motion speed. The motion was stopped when the linear position sensor exhibited full contraction, resulting in around 100 kPa of contact pressure. The spectral and pressure data were acquired synchronously at a rate of 35 Hz. Nine measurements were made at each of the three selected sites (muscle: the palm skin above the abductor pollicis brevis muscle; veins: skin in the middle of the wrist crease above the veins; bone: skin at the lateral part of the wrist above the ulnar styloid process), allowing about 5 min for the tissue to recover from the previous measurement. The 108 measurement sets obtained for the four volunteers were divided into two equal independent set (namely, the training and the test set), each containing the data collected on two volunteers. 
Spectra Processing
All the acquired spectra were calibrated using a standard diffuse reflectance tile (Spectralon, Labsphere, North Sutton, New Hampshire). The reflectance spectra R were calculated according to the following equation:
where I is the acquired spectrum, D is the dark response of the sensor array, and I 0 is the spectrum of the standard diffuse reflectance tile. Due to the poor sensitivity of the employed sensor array at the lower and the upper end of the spectral range, only the spectral range from 950 to 1600 nm was used. Two different modeling approaches were employed in order to study the contact pressure-induced spectral response (Fig. 3) . The scattering and absorption properties of the tissue were estimated from the steady-state diffuse reflectance measurements in a spectrally constrained manner. 9, 10 Briefly, a forward model of the diffuse reflectance R utilizing prior knowledge on the scattering and absorption properties of chromophores was used:
where z 0 , μ eff , ρ 1 , ρ 2 , and z b are the wavelength-dependent internal variables calculated from the absorption μ a ðλÞ and reduced scattering μ 0 s ðλÞ coefficients. The absorption coefficient was modeled as a linear combination of the chromophore concentrations: 
where μ
, and μ lip a are the wavelength-dependent absorption coefficients of water, oxyhemoglobin, deoxyhemoglobin, and lipids, respectively, 11-14 c water , c Hb , and c lip are the concentrations of water, hemoglobin, and lipids, respectively, and α is the oxygenation fraction (i.e., saturation). The reduced scattering coefficient was modeled according to the wavelengthdependent power law:
where u is the scattering magnitude and v is the scattering power. 9, 10, 15 To gain insight on the most prominent NIR absorption bands governing the pressure-induced spectral response, an additional analysis of the acquired spectra was performed. The acquired spectra were preprocessed by the extended form of multiplicative scatter correction (EMSC) 16 to roughly separate the tissue scattering and absorption properties. In contrast to the basic form of the multiplicative scatter correction (MSC), 17 EMSC considers light scattering effects as wavelength-dependent and models each acquired spectrum (r i ) according to
where a i is the baseline, b i is the path length, r ref is the reference spectrum, and k i and l i model the wavelength-dependent spectral variations. The EMSC coefficients (a, b, k, l) estimated by a least-squares solution were used to calculate the preprocessed spectrum r EMSC as
In order to extract the spectral response induced by the applied contact pressure, the preprocessed reflectance spectra were subjected to the principal component analysis (PCA) followed by a detailed analysis of the spectral bands highlighted by the calculated PCA loading. The estimated concentrations of chromophores (c water , c Hb , and c lip ), the scattering magnitude u and the scattering power v, the oxygenation fraction α, the estimated EMSC coefficients (a, b, k, l), and the calculated PCA scores s of the EMSC preprocessed spectra were modeled by a polynomial function of the applied contact pressure p:
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where e is the fit error. The calculated polynomial coefficients h m (without the h m;0 ) were used to form the feature vectors, employed by the subsequent quadratic discriminant analysis (QDA) 18 -based classification into three classes corresponding to the three selected measurement sites. The optimal feature subsets for the two modeling approaches were selected by the sequential forward-floating selection algorithm (SFFS), 19 minimizing the average classification error rate of the training set. The classification sensitivity and specificity were estimated by the independent test set. It should be stressed that only the relative spectral changes were used in this study. Therefore, the polynomial coefficients h m;0 , which were not affected by the applied contact pressure, were not used for the classification. In order to compare the contact pressure-induced spectral response with the findings of other studies, the mean reflectance, the reduced scattering, and absorption coefficients (1450 nm) were modeled by a first-order polynomial function of the applied contact pressure [Eq. (7)].
Results and Discussion
General Findings
The chromophore concentrations, oxygenation fraction, and the scattering magnitude and power were estimated by fitting each acquired reflectance spectrum to the model [Eq. (2)] in a leastsquares sense [ Fig. 4(a) ], while the PCA scores s were calculated after applying EMSC preprocessing. The spectra exhibited significant and frequently inconsistent changes [ Fig. 4(b) ] for the contact pressure under 16 kPa. In general, the mean reflectance dropped significantly after the probe touched the skin. However, some of the acquired spectra did not exhibit any obvious change. The diversity of observed spectral changes may be attributed to two main mechanisms. First, the initial light coupling improves with the increasing pressure, gradually leading to a firm contact between the probe and the skin. Second, the contact pressure under the normal blood pressure of 120 mm Hg (16 kPa) substantially affects the blood flow in the upper tissue layers. At higher contact pressure, the light coupling does not improve anymore. However, the pressure is gradually transferred to the deeper tissue layers. Because of that, more and more blood is pushed out of the tissue. Consequently, the spectra exhibit substantial linear and higher-order dependence on the applied contact pressure.
For the above-explained reasons, only the contact pressure range from 20 to 100 kPa, where the spectral changes were found consistent [ Fig. 4(b) ], was used by the subsequent analysis. The chromophore concentrations, oxygenation fraction, and the reduced scattering magnitude u and power v were modeled by a first-order polynomial, while the PCA scores exhibited slight nonlinearity, requiring a second-order polynomial model.
Classification
Five of the six features describing the tissue scattering and absorption properties (Fig. 3) were selected by the SFFS method for the classification. Only the polynomial coefficient corresponding to the hemoglobin concentration was not. This was somewhat expected, as the hemoglobin absorption in the NIR spectral range is relatively low compared to the absorption of water and lipids. Moreover, the applied contact pressure in excess of 16 kPa removes most of the blood from the underlying tissue. In contrast, only three features, the two polynomial coefficients estimating the first PCA score and the quadratic polynomial coefficient estimating the EMSC parameter k, were selected for the classification based on the second modeling approach. The classification results are summarized in Table 1 . The average classification sensitivity and specificity and posterior probability for the first model were 81% and 73%, respectively. The second model exhibited similar classification posterior probability (74%) and slightly better average sensitivity and specificity (90%). The classification specificity was the highest for the skin above the bone (100%), while the highest classification sensitivity was observed for the wrist (100%).
Tissue Scattering and Absorption Properties as a Linear Function of the Applied Contact Pressure
For all 108 acquired measurement sets, the diffuse reflectance and reduced scattering coefficient at 1450 nm decreased with the applied contact pressure. In contrast, the absorption coefficient at 1450 nm consistently increased with the applied contact pressure. The average reflectance and absorbance changes were in accordance with the majority of the existing studies. [4] [5] [6] However, Lim et al. 8 reported that the reduced scattering coefficient of the forehead skin increased with the applied pressure. The explanation was that the skull prevents the dermis from collapsing into the hypodermis, and therefore light can penetrate deeper into the tissue rich with the highly scattering collagen. Skin on the forehead can be considered similar to the skin above the ulnar styloid process, which was used in this study. However, no increase in the scattering was observed.
The slopes of the linear polynomial model corresponding to the selected features are listed in Table 2 . The variability of the calculated slopes was the smallest for the skin above the muscle tissue and the highest for the skin above the veins. At the wrist, the tendons and bones are close to veins, so the tissue structure can vary significantly; hence, the measurement repeatability is lower. On the other hand, the muscle tissue structure is more homogeneous, resulting in higher measurement repeatability.
The highest reflectance decrease was observed above the veins, while the reflectance decrease observed above the muscle tissue was more than two times smaller (Fig. 5) . The skin above the muscle tissue also exhibited the highest increase in absorption at 1450 nm, indicating the dominant impact of scattering on the reflectance. The absorption increase observed above the muscle tissue was attributed to the increase in the concentration of water and lipids. During the measurements, the muscle provided less resistance to the applied pressure; therefore, the skin under the probe sagged deeper. As a result, the relative change in the concentration of water (Fig. 5) and lipids was higher compared to the tissue above the veins and bone, where the contact pressure was distributed to a smaller tissue volume. The differences in the tissue structure are also responsible for the higher oxygen saturation drop (Fig. 5 ) observed above the veins and bone. The reduced scattering coefficient consistently decreased with the contact pressure, most prominently above the veins (Fig. 5) . The scattering decrease could be explained by the decrease in the refractive index mismatch due to the water displacement in the dermis and epidermis. 8 
Analysis of the PCA Loadings
A detailed analysis of the PCA loadings confirmed the findings based on the results obtained by modeling the tissue scattering and absorption properties and gave additional insight on the most prominent NIR absorption bands governing the pressure-induced spectral response. The first PCA loading of the EMSC preprocessed skin pressure-induced spectral response (shown in Fig. 6 ) exhibits three distinct absorption bands. Two absorption bands, centered at 1210 and 1170 nm, can be attributed to the absorption of lipid mixture, 13 which was shown to have a significant absorption band centered at 1210 nm, and a minor absorption band centered at 1170 nm, both in excellent agreement with the absorption bands highlighted by the first PCA loading. With respect to the wavelength dependence of the reduced scattering coefficient and the EMSC preprocessing of the acquired spectra, it is reasonable to assume that the calculated loadings predominantly reflect the pressureinduced changes in the absorption properties of the underlying tissue, and thereby concentration of the chromophores. Under the assumption that the lipids cannot be pushed out of the tissue by the applied pressure, the concentration of lipids can change only as a result of the increase or decrease in the relative volume fractions of the chromophores. This supposition is clearly supported by the third, water-related 11 absorption band of the first PCA loading observed at 1450 nm. Additionally, a decrease in the value of the first PCA loading at the locations (depicted by the two inclined arrows in Fig. 6 ) was observed. According to Kuenstner and Norris, 12 different hemoglobin species have absorption bands located in the spectral range from 800 to 1100 nm and in the spectral range from 1500 to 1600 nm (oxyhemoglobin at 924 nm, deoxyhemoglobin at 903 nm, and methemoglobin at 1017 nm), all in excellent agreement with the two depicted locations.
Conclusions
This study showed for the first time that pressure-induced spectral response of the soft tissue in the NIR spectral range can be used as a valuable source of additional information for tissue classification. Even though the measurements were acquired at three proximate skin locations, the subcutaneous tissue provided unique spectral response to the applied pressure. In general, the applied contact pressure increased the concentrations of chromophores (water, hemoglobin, and lipids), resulting in higher absorbance and lower diffuse reflectance and scattering. The proposed classification scheme, utilizing solely a pressureinduced spectral response by polynomial modeling of the tissue scattering and absorption properties, resulted in a high (90%) average classification sensitivity and specificity. Based on the presented results, the NIR, pressure-induced spectral response of the soft tissue indicates considerable potential for improving the sensitivity and specificity of soft tissue classification. (Table 2 ) modeled as a polynomial function of the applied contact pressure for the three measurement sites: skin above the muscle (muscle), skin in the middle of the wrist crease above the veins (veins) and skin above the ulnar process (bone). 
